Abstract-The influences of the processing parameters on the microstructure and mechanical properties of the stainless steel thin wall parts by laser direct deposition were investigated. The results show that the obtained microstructure of the stainless steel thin walls is all composed of directionally solidified dendrites under different processing parameters, but the microstructure morphology and property values are affected by the varied parameters. Typically, the scanning speed shows the significant effects on microstructure, while the laser power exhibits the relatively weak impacts upon them. During the laser direct deposition, the processing parameters govern the shape control factor, thereby remarkably influencing the solidification microstructure shapes, characteristic scales, and mechanical properties of the asfabricated components.
INTRODUCTION
Laser direct deposition is a rapid prototyping process that fuses gas-delivered metal powders within a focal zone of a laser beam to produce 3-dimensional metal components [1] . The focal zone of the laser beam is programmed to move along or across a part cross-section, and coupled with a multi-axis worktable, complex metal geometries can be produced. The laser direct deposition technique offers unique advantages over conventional thermomechanical processes in that many labor and equipment intensive steps can be avoided. For example, typical processing of metals into desired shapes and assemblies involves casting and metal forming (rolling, stamping, forging, extrusion) followed by machining and joining operations. The deposition process yields a final geometry from a single piece of equipment and the appropriate software control [2] [3] [4] .
Development of the plastics rapid prototyping processes since the early 1980's demonstrates the feasibility of producing parts from three dimensional solid model designs by a single process and a single piece of equipment [5] . The processing of part is made by additive deposition of planar layers of plastic material until the complete part is formed. However, this processing has been restricted primarily to plastics and not successfully extended to produce fully dense metal parts. Potential metal rapid prototyping processes include liquid metal spraying, plasma spraying, electron beam vapor deposition, and investment casting processes. These metal processing techniques are non-directional deposition processes that require mold patterns or masks to gain the detail for complex parts and assemblies [6, 7] .
Since laser direct deposition processing offers unique capabilities and advantages for rapid prototyping of complex metal components, some experiments are required to reveal the influence regulation of processing parameters on microstructure and properties of as-deposited components. The intent of this study is to address the relationship between structure properties and processing parameters during deposition of simple geometries to select proper parameters and characterize the technique.
II. TECHNICAL EXPERIMENTS

A. Experimental Setup
The deposition process consists of generating tool paths from computer generated 3-dimensional solid models. The tool paths continuously move the focal zone of the laser systematically along areas of the part to fuse metal powder particles that are gas-delivered to the focal zone. A schematic diagram of the process is shown in Fig. 1 . The laser direct deposition technology has a number of advantages over previous RP techniques including more robust deposition, more accurate placement of the deposited material and the ability to produce functional gradient materials by simply mixing powders during deposition. Fig. 2 shows the experimental setup for laser direct deposition experiment. 
B. Experimental Material
The experimental material for laser direct deposition experiment is stainless steel 316 whose powder size is about 200 mesh. The substrate used for multi-layer laser cladding is A3 steel plate with the dimension of 200 mm×200 mm×10 mm.
C. Experimental Procedure
In order to investigate the influences of processing parameters on microstructure and properties of laser direct deposited parts, the microstructure of clad obtained at different laser powers and scanning speeds is observed and analyzed by SEM morphology. Subsequently, the mechanical properties are examined through the tensile samples which are cut out from the as-deposited thin wall parts formed with varied laser powers and scanning speed.
III. RESULTS AND ANALYSIS
For a kind of alloy composition, the microstructure and properties of laser direct deposited parts essentially depend on local solidification conditions, namely temperature gradient of the solid-liquid interface and solidification rate. There exists delivery of substance and energy in the manufacturing process, and the process is significantly affected by the processing parameters. Laser direct deposition is a very complex technology, which involves multiple parameters acting with each other. The influences of the fundamental parameters, such as laser power and scanning velocity, on the microstructure and properties of laser direct deposited stainless steel components are analyzed through the systematic experiments.
A. Laser Power
Above all, the experiments are performed on condition that with the exception of the laser power, other processing parameters (scanning speed 8 mm/s, powder feeding rate 4g/min, and spot diameter 2 mm) keep constant. The SEM morphologies of the middle part of the cladding layer are shown in Fig. 3 , Fig. 3 (a), (b), (c), (d), (e) represent the microstructure of the cladding layers deposited with the laser power 600 W, 800 W, 1000 W, 1200 W, 1400 W respectively.
As shown in Fig. 3 , with the increase of laser power, the dendrite structures of the cladding layer change from thin to coarse gradually, which means that primary dendritic spacing augments, and secondary dendrite grows. The reason why this phenomenon happen is that the adequate heat energy provided by high power laser can make the molten pool deep and wide, thus increasing the powder quantity entered into the molten pool in unit time, and the extensive heat energy can reduce the solidification rate to some extent, thereby giving the dendrite more time to grow coarse during the high temperature solidification process. Subsequently, the hardness of cladding layers obtained by different laser powers is compared. The testing point of each is at a distance of 0.3 mm from the bottom in the vertical direction, and three points at the same height of each cladding layer are measured, then taking the average of three measured values as the result, which are illustrated in Fig.  4(a) . In order to analyze the influence law of laser power on other mechanical properties, five sets of processing parameters (the same as those adopted in Fig. 3 ) are successively adopted to deposit thin-wall parts with 30 mm length and 20 layers height on the substrates. Subsequently, the tensile specimens are individually cut out from the five thin-wall parts along the horizontal direction by wire cutting, and then are tested with mechanical properties by universal testing machine. The influence curves of laser power on mechanical properties are depicted in Fig. 4(b), (c), (d) . As shown in Fig. 4 , with the increase of laser power, the hardness measured in corresponding case shows the tendency of decrease. The reason is that the lower the laser power is, the faster the cooling rate is. High cooling rate has an influence similar to quench on the microstructure and properties of deposited material, thus forming microstructure with the high strength and hardness. Typically, the faster the cooling rate is, the more significant the hardening effects are. Furthermore, refined grain can produce the function of fine grain strengthening, thereby enhancing the hardness of the material. In terms of yield and tensile strength, they also tend to rise with the fall of laser power. The phenomenon can be explained by the famous Hall-Petch formula in the field of metallography: K expresses the constant regarding the hindrance of the grain boundary applied to slip transmission. The formula demonstrates that the fine grain dimension can promote the strength of the material. However, it seems that there is no obvious regularity between the laser power and the elongation. On one hand, the finer the grain is, the more grain boundary the microstructure possesses. This situation is unfavorable to the crack propagation, which can make the material bear large plastic deformation before fracture. On the other hand, typically, the hardness and plasticity are the two mechanical property indexes representing the opposite changing tendency, so the increase of hardness may lead to the decrease of the plasticity. The mentioned above proves that in the case that the metal powder is fully molten, the molten pool is produced steadily on the substrate, and the adjacent cladding layers firmly form metallurgical bonding, the lower laser power should be selected to perform the deposition technology, which not only saves energy, but also prevents the overburning of metal powder and the abnormal coarsening of grain.
B. Scanning Speed
Only changing scanning speed, other processing parameters (laser power 1000 W, powder feeding rate 4g/min, and spot diameter 2 mm) maintain invariable. The SEM morphologies of deposited cladding layers at different scanning speeds are demonstrated in Fig. 5 . Fig. 5 (a), (b As can be seen from Fig. 5 , with the increment of scanning speed, the dendritic structure of cladding layers changes from coarse to fine, the dimension alters from long to short, the primary spacing of dendrite shifts from large to small, and the secondary dendrite varies from developed to degenerated. Such cases are contrary to the influences of laser power on characteristic scales of solidification microstructure of cladding layers. This is due to that with the increase of scanning speed, the interaction time between laser and powder, substrate becomes short, which causes the energy used to melt powder and substrate decreases in unit time and unit area. Accordingly, the molten pool turns to shallow and narrow, and the solidification rate accelerates relatively. As a result, though the dendrites nucleate abundantly during the rapid solidification, they have no time to grow coarser. As demonstrated in Fig. 5 , compared with the laser power, the scanning speed has a more significant influence on the microstructure of SS 316 cladding layers. Consequently, the scanning speed exhibits the severe influence on the solidification rate and temperature gradient, therefore remarkably changing the geometric features and structure property.
Then the hardness of cladding layers fabricated in different scanning speeds is measured and compared. The testing point of each is at a distance of 0.3 mm from the bottom in the vertical direction, and three points at the same height of each cladding layer are measured, then taking the average of three measured values as the result. The testing results are described in Fig. 6(a) . In order to reveal the influence regulation of scanning speed on other mechanical properties, five sets of processing parameters (the same as those adopted in Fig. 5 ) are successively adopted to deposit thin-wall parts with 30 mm length and 20 layers height on the substrates. In accordance with the former study, the tensile specimens are separately cut out from the five thinwall parts along the horizontal direction by wire cutting, and then are tested with mechanical properties by universal testing machine. The influence curves of scanning speed on mechanical properties are depicted in Fig. 6(b) , (c), (d). As illustrated in Fig. 6 , accompanying with the upgrade of scanning speed, the hardness manifests the increasing trend. The reason for this is that the faster the scanning speed is, the shorter time the laser and powder, substrate interact with each other. Consequently, the solidification rate of molten pool goes faster, the quench effects become clearer, and the function of fine grain strengthening due to the refined grain turns more obvious. The yield and tensile strength presents the upward tendency as the scanning speed enhances gradually. This phenomenon can be also interpreted through the Hall-Petch formula, which means that fine grain dimension can promote the strength of the material. Besides, the elongation exhibits the decreasing trend, which proves that the grain boundary of microstructure plays the predominant role in hindering the crack propagation. The above analyses testify that on the condition that the metal powder is adequately molten, the molten pool is built stably on the substrate, and the contiguous cladding layers securely form metallurgical bonding, the higher scanning speed should be applied to the fabricating process. Therefore, not only can the forming efficiency be promoted, but also the overburning of metal powder and the abnormal coarsening of grain can be effectively prevented.
IV. CONCLUSION
Summarily, the microstructure morphology and property values are affected by the varied processing parameters. Typically, the scanning speed shows the significant effects on microstructure, while the laser power exhibits the relatively weak impacts upon them.
Theoretically, the processing parameters used during the laser direct rapid manufacturing jointly determine temperature gradient G and solidification rate V, thereby governing the shape control factor G/V. Moreover, the composition of alloy powder and the temperature gradient of cladding layer dominate the convective mass transfer process in the molten pool, so the convective mass transfer process and the alloy powder ingredient mutually ascertain the composition and distribution of molten metal. Eventually, the shape control factor and melt composition mutually govern the solidification microstructure shapes, characteristic scales, and mechanical properties of the laser direct deposited components.
